Balance disorders caused by hair cell loss in the sensory organs of the vestibular system pose a significant health problem worldwide, particularly in the elderly. Currently, this hair cell loss is permanent as there is no effective treatment. This is in stark contrast to nonmammalian vertebrates who robustly regenerate hair cells after damage. This disparity in regenerative potential highlights the need for further manipulation in order to stimulate more robust hair cell regeneration in mammals. In the utricle, Notch signaling is required for maintaining the striolar support cell phenotype into the second postnatal week. Notch signaling has further been implicated in hair cell regeneration after damage in the mature utricle. Here, we investigate the role of Notch signaling in the mature mammalian cristae in order to characterize the Notch-mediated regenerative potential of these sensory organs. For these studies, we used the γ-secretase inhibitor, N-[N-(3,5-difluorophenacetyl)-Lalanyl]-S-phenylglycine t-butyl ester (DAPT), in conjunction with a method we developed to culture cristae in vitro. In postnatal and adult cristae, we found that 5 days of DAPT treatment resulted in a downregulation of the Notch effectors Hes1 and Hes5 and also an increase in the total number of Gfi1 + hair cells. Hes5, as reported by Hes5-GFP, was downregulated specifically in peripheral support cells. Using lineage tracing with proteolipid protein (PLP)/CreER;mTmG mice, we found that these hair cells arose through transdifferentiation of support cells in cristae explanted from mice up to 10 weeks of age. These transdifferentiated cells arose without proliferation and were capable of taking on a hair cell morphology, migrating to the correct cell layer, and assembling what appears to be a stereocilia bundle with a long kinocilium. Overall, these data show that Notch signaling is active in the mature cristae and suggest that it may be important in maintaining the support cell fate in a subset of peripheral support cells.
INTRODUCTION
Our sense of balance is mediated through the vestibular system, which contains multiple sensory organs composed of support cells and mechanotransducing hair cells. This includes the utricular and saccular maculae for sensing linear acceleration and the cristae for detecting rotational head movements. Balance disorders are a significant health problem worldwide with a prevalence of 21-30 % in the general population that is increased to 36-42 % in the elderly (Neuhauser et al. 2008; Gopinath et al. 2009; Mendel et al. 2010; de Moraes et al. 2011) . Though many causes and factors contribute to balance disorders, there is no current effective treatment for hair cell loss either from genetic disorders, drug-related ototoxicity, or age (Kroenke et al. 2000) . While multiple strategies to treat hair cell loss are under investigation, regeneration would allow for replacement of already lost hair cells.
Robust regeneration is found in all nonmammalian vertebrates studied thus far, including fish, birds, and amphibians (reviewed in Warchol 2011). However, in the mammalian vestibular system, spontaneous regeneration is very limited and likely to be insufficient to restore full functionality (Tanyeri et al. 1995; Lopez et al. 1997 Lopez et al. , 1998 Lopez et al. , 2003 Forge et al. 1998; reviewed in Warchol 2011) . Further manipulation is required to increase the regenerative ability of these organs.
One way to generate hair cells is through manipulation of Notch signaling, which is a pathway involved in hair cell development and differentiation. As hair cells differentiate, they express Notch ligands that bind receptors on surrounding cells. This ultimately results in a γ-secretase-mediated release of the Notch intracellular domain that translocates to the nucleus and forms a transcriptional complex that upregulates expression of effectors to prevent hair cell differentiation. This process, called lateral inhibition, establishes the mosaiclike pattern of hair cells and support cells in all of the inner ear organs including the cochlea (reviewed in Cotanche and Kaiser 2010). In the developing maculae, lateral inhibition is mediated through expression of the effectors Hes1 and Hes5 (Zheng et al. 2000; Zine et al. 2001 ). In the utricle, this Notch-mediated lateral inhibition is required into the second postnatal week and also plays a role in regeneration after damage (Wang et al. 2010; Collado et al. 2011; Lin et al. 2011; Jung et al. 2013) . However, no studies have investigated Notch-mediated regeneration in the cristae.
Previously, we suggested that Notch signaling is active in the mature cristae of the mouse based on the expression of the Notch effector, Hes5 (Hartman et al. 2009 ). Therefore, we have carried out a series of experiments to determine if Notch is still active in the mature cristae and if it can be inhibited to generate hair cells. For these studies, we developed a method to culture cristae in vitro. Using the γ-secretase inhibitor, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT), we found that Notch signaling was active in adult cristae and that supernumerary hair cells were generated by DAPT treatment. These new hair cells arose in cristae explanted from animals up to 10 weeks of age through transdifferentiation of support cells.
METHODS

Animals
Animal housing and care was provided by the Department of Comparative Medicine at the University of Washington. All procedures were done in compliance with the standards and protocols set forth by the University of Washington Institutional Animal Care and Use Committee. For whole mount immunostaining, cristae were collected from adult Swiss Webster mice (Harlan Laboratories). For lineage tracing experiments, proteolipid protein (PLP)/ CreER;mTmG mice were generated by crossing heterozygous Plp-Cre-ER T2 mice (Doerflinger et al. 2003; Gomez-Casati et al. 2010 ; Jackson Laboratories strain 005975) with homozygous ROSA-mT/mG mice (Muzumdar et al. 2007 ; Jackson Laboratories strain 007576). Mice were genotyped for Cre recombinase using DNA obtained from tail clips with the primers: forward 5′-aacattctcccaccgtcagt-3′ and reverse 5′-catttgggccagctaaaccat-3′ and for the mutant Rosa26 allele using the primers: wild-type forward 5′-ctctgctgcctcctggcttct-3′, wild-type reverse 5′-cgaggcggatcacaagcaata-3′, and mutant reverse 5′-tcaatgggcgggggtcgtt-3′. Transgenic mice expressing GFP under the control of the Hes5 promoter (Hes5-GFP) (Basak and Taylor 2007) were obtained from Dr. Verdon Taylor (University of Basel, Basel, Switzerland) and were used for all other experiments. Both male and female mice were used and postnatal day 0 (P0) was defined as the day of birth.
Paint-Fill of Inner Ear
An embryonic day 14.5 (E14.5) inner ear was filled with 0.1 % white latex paint according to Morsli et al. (1998) and Kiernan (2006) .
Organotypic Cristae Cultures
Mice were euthanized according to approved procedures. Cristae were explanted from the capsule on ice in modified Hank's balanced salts solution without phenol red or sodium bicarbonate (Sigma) supplemented with 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 200 U/mL penicillin. The semicircular canals were mechanically separated from the cristae using fine forceps, while the cupula and ampulla were left intact. The cristae were cultured in modified Dulbecco's modified Eagle's medium (DMEM)/F-12 medium [DMEM/F-12, Reh modification without Laspartic acid, L-glutamic acid powder (US Biological) with an additional 0.3 % D-glucose, 0.8 mM GlutaMAX (Life Technologies), 0.1275 % sodium bicarbonate, 5 % fetal bovine serum (FBS), 1× N2 supplement, 1× B27 supplement, and 200 U/mL penicillin at pH 7.4], with 5 % CO 2 at 37°C. Unless otherwise noted, 75 % of the media was replaced every 3 days. Cristae were cultured at the gas-liquid interface on hydrophilic PTFE cell culture inserts with 0.4 μm pores (Millipore) coated with a 2:1 mixture of 0.12 % rat tail collagen and growth factor-reduced Matrigel (BD). For pharmacological inhibition of Notch signaling, the γ-secretase inhibitor DAPT (Calbiochem) was used at a concentration of 30 μM with an equal volume of dimethyl sulfoxide (DMSO) as a vehicle control. To induce recombination in the PLP/CreER;mTmG mice, explants were treated with 5 μM 4-hydroxytamoxifen (4-OHT; Sigma) for 2 days followed by washing prior to Notch inhibition. To assess proliferation, the thymidine analog ethynyl deoxyuridine (EdU, Life Technologies) was added to the culture media at a concentration of 5 μM. For experiments using either DAPT or EdU, 75 % of the media was replaced daily.
Immunofluorescence
Immunostaining of whole mount cristae and cultured cristae were performed almost identically with the differences noted below. For whole mount immunostaining, capsules were removed from the head and bisected using a scalpel to isolate the vestibular system and expose the membranous labyrinth. The capsules were then fixed in cold 4 % paraformaldehyde (PFA) overnight (O/N). Cultured cristae were fixed on the culture membranes in cold 4 % PFA for 1 h. After fixation, all samples were rinsed in phosphate buffered saline (PBS), permeabilized in 0.5 % Triton-X in PBS (PBSTx) for 30 min at room temperature (RT), and then blocked in 10 % FBS in 0.5 % PBSTx for 30 min at RT. Blocking solution was used for both primary and secondary antibody solutions and 0.5 % PBSTx was used for washing. Primary antibodies were applied O/N at 4°C and secondary antibodies were applied either O/N at 4°C or for 3 h at RT. When applicable, Hoechst 33342 (1:10,000) was added to the secondary antibody solution. All genetically encoded fluorescent reporters, including Hes5-GFP, membrane-bound Tomato (mTomato), and membranebound GFP (mGFP), were visualized without additional antibody labeling.
The following primary antibodies were used: Gfi1 (guinea pig, 1:1,000, gift from Dr. Hugo J. Bellen, Baylor College of Medicine, Houston, TX, USA), Sox2 (goat, 1:400, Santa Cruz, CA, USA), Sox9 (rabbit, 1:800, Chemicon), Myosin7a (rabbit, 1:1,000, Proteus Biosciences), and Calretinin (rabbit, 1:2,000, Swant). The following secondary antibodies were used: donkey anti-guinea pig DyLight 649 (Jackson ImmunoResearch), donkey anti-goat Alexa Fluor 568 (Life Technologies), and donkey anti-rabbit Alexa Fluor 488 and 568 (Life Technologies). In addition, some samples were labeled with Phalloidin-Alexa Fluor 647 (Life Technologies). All samples were mounted in Fluoromount-G (SouthernBiotech). Whole mount cristae were mounted using 0.12 mm thick imaging spacers (Sigma).
Quantitative RT-PCR
For the cristae cultured with DAPT or DMSO, three independent pools of cDNA were used for each condition and age. Each pool was generated using cultured cristae explanted from six to eight mice (36-48 cristae) . For the analysis of uncultured cristae at various ages, only two independent pools of cDNA were used for each age. This was due to the high number of animals needed to successfully extract the RNA as each pool was generated using uncultured cristae from 12 to 14 mice (72-84 cristae). For all experiments, the pools of cristae were homogenized in 250 μL of TRIzol (Life Technologies), extracted using chloroform supplemented with 10 μg glycogen as a carrier, treated with DNase I (Qiagen), and column purified using the RNeasy Micro kit (Qiagen). cDNA was synthesized using the iScript kit (BioRad). Quantitative RT-PCR (RT-qPCR) was performed using a SYBR Green-based Master Mix (Applied Biosystems) on an ABI 7900 384-and 96-well block with TaqMan Low Density Array (Applied Biosystems). For all samples, cycle differences were normalized to the housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (Gapdh), and are reported as either cycle differences to GAPDH (ΔCt) or as fold changes equal to 2 ΔΔCt . The following primers were used at a final concentration of 100 nM: Gapdh, forward 5′-ggcattgctctcaatgacaa-3′ and reverse 5′-cttgctcagtgtccttgctg-3′; Hes5, forward 5′-gcaccagcccaactccaa-3′ and reverse 5′-ggcgaaggctttgctgtgt-3′; Hes1, forward 5′-ccgagcgtgttggggaaatac-3′ and reverse 5′-gttgatctgggtcatgcagttgg-3′; Notch1, forward 5′-gacaactcctacctctgcttatgcc-3′ and reverse 5′-ttact gttgcactcgttgacctcg-3′; and eGFP, forward 5′-gcaagctga ccctgaagttcatc-3′ and reverse 5′-tcaccttgatgccgttcttctg-3′.
Imaging and Processing
Samples were imaged using a Nikon A1R laser scanning confocal mounted on a Nikon TiE inverted microscope. Images were taken in NIS Elements (Nikon) using either a 20× dry CFI Plan Apochromat VC objective with a numerical aperture (NA) of 0.75 or a 60× oil immersion CFI Plan Apochromat VC objective with a NA of 1.4. Unless otherwise noted, z stacks were taken at a step size of 0.5 μm with the 20× objective and at 0.125 μm with the 60× oil objective.
For analysis of fluorescent intensity, samples within an experiment were processed simultaneously and imaged and processed using the same intensities and settings. Maximum intensity projections were created using either NIS Elements or ImageJ. On images sh own a t h igher magn i ficat ion , blin d 3D deconvolutions were performed using AutoQuant X vX2.1.1 (Media Cybernetics). Three-dimensional reconstructions and movies were created using NIS Elements. Images for figures were compiled in Adobe Photoshop CS4. All diagrams were made by tracing either confocal images or maximum intensity projections in Adobe Illustrator CS4.
Cell Counts, Measurements, and Statistics
Cells were counted manually in ImageJ using the standard cell counter plugin. Hair cells were counted by continuously scanning through confocal stacks taken at a z interval of 0.5 μm to avoid double counting or missing cells. The hair cell counts in the control cristae are similar to what has been reported previously in adult mice with optical dissector counting (Desai et al. 2005b ) and in E18.5 mice using confocal slices taken at 6 μm intervals (Fritzsch et al. 2010) .
For the analysis of the fluorescence intensity of Hes5-GFP, all samples within an experiment (not across ages) were cultured, fixed, stained, imaged, and processed simultaneously using the same intensities and settings in order to preserve the integrity of the intensity comparison. Since it was therefore not appropriate to compare the absolute intensity values across ages, we showed these values as only the relative difference between the DAPT-treated cristae and their own age-matched controls. The fluorescence intensity of the entire sensory epithelium was measured in NIS Elements on maximum intensity projections as the sum fluorescence intensity per square micrometer. Since Hes5-GFP is downregulated by DAPT treatment, the sensory epithelium ROI was created by outlining the Gfi1 labeling and included the nonsensory eminentia cruciatum. The sum fluorescence intensity per square micrometer was then normalized to the average sum fluorescence intensity of six 30 μm 2 randomly placed squares outside of the sensory region (negative for both Gfi1 and Hes5).
In the lineage tracing experiments using PLP/ CreER;mTmG mice, lineage traced hair cells were defined as mGFP + cells expressing the early hair cell marker Gfi1, irrespective of morphology or position. More specifically, the Gfi1 labeling had to be centered within the mGFP labeling in all dimensions to control for support cells "cupping" hair cells as they extend through the hair cell layer. In addition, lineage traced hair cells had to be distinguishable from the surrounding GFP + cells. To be counted as a lineagetraced hair cell, a cell could not exhibit ambiguity on any of these criteria, which generally resulted in the exclusion of areas of high recombination from this analysis. All mGFP + cells were analyzed in confocal stacks taken at a z interval of 0.5 μm. Generally, lineage-traced hair cells expressing mGFP had decreased mTomato expression, though this was not a criterion for analysis. Prism v5.0c (GraphPad) was used to create graphs and perform statistical analyses. The analyses used include one-or two-tailed unpaired Student's t tests, one-and two-way ANOVAs, and a Pearson's correlation for the analysis of the association of the number of GFP + /Gfi1 + cells to the total GFP + cells in the sensory epithelium. The error bars of graphs depicting means are standard error of the mean (SEM). The error bars of graphs depicting differences between means are standard error of the difference (SE). SE was calculated using the following formula:
where SD is the standard deviation of each sample group and n a /n b are the sizes of the two sample groups, a and b. For one-tailed unpaired Student's t tests, significance is denoted as follows: ns for p90.025, * for p≤0.025, ** for p≤0.0125, *** for p≤0.00125, and **** for p≤ 0.0001. Otherwise, significance is denoted as: ns for p90.05, * for p≤0.05, ** for p≤0.01, *** for p≤0.001, and **** for p≤0.0001. Exact p values are reported for all cases where p≥0.0001. Otherwise, p values are reported as pG0.0001. For the lineage tracing and quantitative RT-PCR analyses, all cristae were analyzed. For all other experiments, only the anterior and posterior cristae are included in the analyses as one group since we did not distinguish between them.
RESULTS
The Cristae Ampullaris
The three cristae are situated at the bases of the three semicircular canals ( Fig. 1(A,A′) ). In mice, the anterior and posterior cristae are separated into two hemicristae by a hair cell-free region called the eminentia cruciatum ( Fig. 1 (B,D,D′); Desai et al. 2005b ). The lateral crista does not have an eminentia cruciatum and is instead one continuous sensory structure ( Fig. 1(C) ). In addition, we found that the lateral crista had significantly fewer hair cells than anterior or posterior cristae (data not shown) and so excluded it from analyses involving hair cell counts. For this study, we used the regional boundaries defined by Desai et al. (2005b) where the central zone is the region containing the Calretininpositive calyx afferents that innervate type I hair cells ( Fig. 1(D,D′) ) and the remaining sensory region is the peripheral zone. As in the other sensory organs of the inner ear, the cristae are organized into layers of hair cells (Gfi1 E,F,F′) ) that specifically in the cristae are folded into complex, highly three-dimensional structures. In the anterior and posterior cristae, each hemicristae is saddle-shaped ( Fig. 1(F′) ; supplemental movie 1 in the Electronic Supplementary Material (ESM)). As reported previously, there is a subset of hair cells throughout the epithelium that also express Sox2 (yellow cells in Fig. 1 (E,E′); Hume et al. 2007; Oesterle et al. 2008 ). Similar to the staining seen in the utricle, this subset of cells does not appear to be innervated by Calretininpositive calyces and is generally located closer to the apical surface of the sensory epithelium ( Fig. 1(E′) ; Desai et al. 2005a ). Together, these data suggest that these Sox2-expressing cells belong to the type II subclass of hair cells, though it is not clear whether every type II hair cell expresses Sox2.
Organotypic Cultures of Postnatal and Adult Cristae
To test for a role of Notch signaling in the transdifferentiation of support cells in the cristae, we developed a method for maintaining cristae in vitro. In brief, cristae were dissected from the capsule ( Fig. 1(A) ), mechanically separated from the semicircular canals, and cultured with the ampulla intact on culture membrane inserts at the gas-liquid interface.
Cristae were cultured for 5 days in vitro (DIV) and then labeled with antibodies to assess the survival of hair cells and the overall morphology of the sensory epithelium. Postnatal ages were used in addition to the mature ages for comparison purposes as the survival and plasticity of inner ear organs is generally greater at younger ages. To facilitate accurate hair cell counts, we used the nuclear hair cell marker Gfi1. Gfi1 is expressed in both the developing (Wallis et al. 2003; Hertzano et al. 2004; Yang et al. 2010 ) and mature ( Fig. 1(B,C) ) vestibular system. In the adult, counts of Gfi1 + cells were nearly identical to counts with the more commonly used cytoplasmic marker, Myo7a (Hasson et al. 1995) , under all culture conditions tested ( Fig. 2(E) ).
After 5 DIV, both postnatal (P7) and adult (P30) cristae maintained their overall morphology compared to control cristae freshly dissected from similarly staged animals ( Fig. 2 (B,B′,C,C′) compared to Fig. 2(A,A′) ). The overall shape of the sensory
FIG. 1. A,A′
The three cristae (red) are located at the bases of the semicircular canals shown in a diagram of the inner ear (A) and in a paint-fill of an E14.5 vestibular system (A′). a Anterior crista, l lateral crista, p posterior crista, u utricle, s saccule, c cochlea, e endolymphatic sac. B,C Maximum intensity projections of adult whole mount cristae labeled with the hair cell markers Myo7a (cytoplasmic, green) and Gfi1 (nuclear, red). The eminentia cruciatum divides the anterior (B) and posterior cristae into two saddle-shaped hemicristae. C The sensory epithelium of the lateral crista is continuous. Scale bars 100 μm. D,D′ Sox2 (green) labels support cells, a subset of type II hair cells, and nonsensory cells in the planum semilunatum (shaded gray in D′) and eminentia cruciatum. The sensory epithelium contains Gfi1 + hair cells (red nuclei) with phalloidin-stained (red) stereocilia bundles. The central zone was defined by the Calretinin + (white) calyx afferents that contact type I hair cells, while the remaining calretinin-negative region was the peripheral zone. Scale bar 100 μm. E,E′ The layering of the support cells and hair cells of the sensory epithelium is visible in a single z plane depicting a cross-sectional view of the cristae from D. Scale bar in E′ is 25 μm. F This layering can also be seen in cristae explanted from Hes5-GFP mice labeled with Sox9 (red) and Gfi1 (white). Scale bar 100 μm. F′ The three-dimensional structure of this same cristae can be seen in z projections through the confocal stacks at the labeled lines (a, b, c, z). Sox9 is also expressed throughout the ampulla, which flattened onto the sensory epithelium of the cristae during mounting and culturing (c). z depth, 75.5 μm.
epithelium was maintained, including the separation of the epithelium into the two distinct hemicristae by the eminentia cruciatum. In addition, in cultures from transgenic mice expressing GFP under the Hes5 promoter (Hes5-GFP), the expression of GFP in the peripheral zone and immunostaining with the hair cell markers Gfi1 and Myo7a (data not shown) were similar to control explants ( Fig. 2(A,A′,B ,B′,C,C′)). However, there was a slight difference in the appearance of the cultured cristae in maximum intensity projections. This was due to the flattening and folding of the highly three-dimensional tissue onto the culture membrane. The degree of folding varied from explant to explant, but most commonly appeared as in Figure 2 (B,B′,C,C′).
In addition to morphology, we assessed the overall hair cell survival after 5 DIV at both P7 and P30 (Fig. 2(D) ). In the P7 explants, nearly all the hair cells survived the 5-day culture period with 1,253.4±30.8 (n=11) Gfi1 + hair cells in cultured explants compared with 1,291.4±22.3 (n= 9) in littermate controls (t=0.9590, df=18, p=0.35). By contrast, in the P30 explants, there was significant hair cell loss after 5 DIV with 843.5±17.2 (n=10) Gfi1 + hair cells compared to 1,280.7±14.5 (n=9) in littermate controls (t=19.1571, df=17, pG0.0001) (Fig. 2(D) ). This loss appears to be due to culture survivability and is not related to age-dependent hair cell loss as there was no significant difference in hair cell number between the P7 and P30 uncultured explants (t= 0.4044, df=16, p=0.69). Overall, at P30, there was a 34.1 % loss due to culture, which is consistent with that seen in other adult cultures of vestibular organs (e.g. Lin et al. 2011) . Generally, this loss appeared as an overall thinning of the hair cell density throughout the sensory epithelium ( Fig. 2(C′) ); however, occasionally there was an almost complete loss of the hair cells in more central regions.
Notch Signaling is Active in Adult Cristae
Previously, we suggested that Notch signaling was active in the peripheral support cells of the adult cristae based on an analysis of the Notch effector Hes5 in Hes5-GFP reporter mice and on Hes5 expression examined by in situ hybridization (Hartman et al. 2009 ). To provide additional evidence that the Hes5 expression seen in the adult is a result of active Notch signaling, cristae from postnatal (P7, P12, and P14) and adult (P30) Hes5-GFP mice were explanted and treated with the γ-secretase inhibitor, DAPT to pharmacologically inhibit Notch signaling. The postnatal ages were used for comparison since the ability to generate supernumerary hair cells through Notch inhibition is lost after P12 in the utricle (Collado et al. 2011) . After 5 DIV with 30 μM DAPT, the Hes5-GFP expression specific to the support cells of the peripheral zone was downregulated compared to the DMSO controls in all of the ages examined (Fig. 3(A) ). In the P30 explants, there was some remaining fluores- explanted from P7 Hes5-GFP mice and labeled with Gfi1 (white) show that after 5 days in vitro (DIV) cristae maintained their overall morphology compared to uncultured littermate controls (B,B′ compared to A,A′). C,C′ Cristae cultured from P30 adults also maintained their normal morphology. Scale bars 100 μm. D P7+5 DIV cristae maintained similar levels of Gfi1 + hair cells (n=11) compared to P12 littermates (n=9; t=0.9590, df=18, p=0.35), while P30+5 DIV explants had a significantly reduced number of hair cells (n=10) compared to P35 littermates (n=9; t=19.1571, df=17, pG 0.0001). Error bars depict SEM. Two-tailed unpaired Student's t test where ns denotes p90.05 and **** denotes p≤0.0001. E In P30+ 5 DIV cristae, the hair cell counts obtained using an antibody to Gfi1 were comparable to those using an antibody to Myo7a regardless of culture conditions (DMSO, n=4, DAPT, n=6, untreated, n=3).
cent signal due to the autofluorescence of dead and dying cells, indicative of the decreased survivability of the adult explants. Quantification of the difference in Hes5-GFP fluorescence intensity between DAPT-and DMSO-treated cristae shows that this downregulation was significant at all ages examined (white bars, Fig. 3(B) ). Further, the degree of this downregulation showed a similar trend with age to the expression of eGFP in uncultured cristae from Hes5-GFP mice assayed by RT-qPCR (black bars, Fig. 3(B) ). Overall, in the uncultured cristae, it appeared that Hes5 gene expression was highly downregulated postnatally, but remained relatively stable after P7 and into the adult ages (black circles, Fig. 3(C) ). The expression of eGFP from the Hes5-GFP reporter shows an identical trend (green circles, Fig. 3(C) ). In addition, RT-qPCR analysis of cristae explanted from P7 and adult (8-10 weeks) mice and cultured for 5 DIV, showed that the Notch effectors Hes1 and Hes5 were significantly downregulated in DAPT-treated cristae over DMSO controls, with no change in the expression of the Notch receptor, Notch1 (Fig. 3(D) ). Overall, these data show that Notch signaling is active in the adult cristae, albeit possibly at a lower level than in early postnatal animals.
DAPT Treatment Increases Total Hair Cell Number
The presence of active Notch signaling in the adult cristae led us to hypothesize that Notch signaling may still be necessary to maintain the support cell phenotype in mature cristae and that Notch inhibition would lead to the generation of supernumerary hair cells. To test this, postnatal (P7, P12, and P14) and 
511). Error on reported values is standard deviation. The expression of
eGFP from the Hes5-GFP transgene in these same organs showed a similar trend to that of Hes5 (green points; P0, 5.364; P7, 8.226; P14, 7.840; P21, 8.060; P30, 7.682; P56, 7.320). D RT-qPCR analysis of cristae explanted from P7 and adult (8-10 weeks) mice showed a significant reduction in Hes1 (P7: −4.38±1.28, t=3.8060, df=4, p=0.0095; adult: −3.40±0.43, t=3.5309, df=4, p=0.012) and Hes5 (P7: −11.42±0.75, t= 11.4975, df=4, p=0.00016; adult: −5.28±0.35, t=6.7954, df=4, p= 0.0012) gene expression in DAPT treated cristae over DMSO controls after 5 DIV with no change in Notch1 expression (P7: −2.38±0.85, t= 2.0646, df=4, p=0.054; adult: −2.47±0.72, t=1.8732, df=4, p=0.067). Error bars depict SEM. One-tailed unpaired Student's t test where ns p9 0.025, *p≤0.025, **p≤0.0125, ***p≤0.00125, ****p≤0.0001.
SLOWIK AND BERMINGHAM-MCDONOGH: Adult Vestibular Regenerationadult (P30) explants were cultured for 5 DIV with 30 μM DAPT or DMSO as a vehicle control (Fig. 4) . Cristae were analyzed by counting the total number of Gfi1 + hair cells. This concentration of DAPT is lower than that used in similar studies in the utricle (Collado et al. 2011; Lin et al. 2011 ) and was chosen based on a concentration curve performed on P7 explants cultured for 5 DIV with 1, 10, or 30 μM DAPT with DMSO as a vehicle control. This is in contrast to the postnatal cochlea where 5 μM DAPT is sufficient to inhibit lateral inhibition (Hayashi et al. 2008) . To determine efficacy, the difference in the total number of Gfi1 + hair cells between DAPT-and DMSO-treated cristae was used. Only the explants treated with 30 μM DAPT showed a statistically significant increase in hair cell number over the DMSO controls (DMSO, 1,153±37.29 (n=10); 1 μM, 1,222±76.05 (n=3); 10 μM, 1,157±38.15 (n=4); 30 μM, 1,380±89.79 (n=7); means reported with SEM; oneway ANOVA where F(4,20)=3.223, p=0.0445 with Tukey-Kramer post-test [α=0.05]). Overall, there was a highly statistically significant effect of DAPT on total hair cell number (Table 1 ). In addition, there was also a statistically significant effect of age on total hair cell number as the survivability of the explants decreased with increasing age (Fig. 2(D) , Table 1 ). However, there was no differential effect of DAPT treatment with age as the interaction between them was not significant (Table 1) . At each individual age tested, there was a significant increase in the number of hair cells in DAPT-treated cristae relative to their agedmatched controls (Table 1 , Fig. 4(B) ). In the P7 explants, there was a noticeable increase in the hair cell density in the region near the eminentia cruciatum (Fig. 4(A) , arrows) that was accompanied by a loss of Sox9 + support cells in the same regions (Fig. 5(A), arrows) . In the adult explants (P30), the increase in hair cells was not as apparent in the maximum intensity projections; nevertheless, there was a consistent and statistically significant increase in the number of hair cells in the DAPT-treated explants, even at P30 (Fig. 4(B) ). This increase in hair cell number was approximately the same at all of the ages tested (Table 1 , Fig. 4(C) ), which is consistent with the relatively stable levels of Hes5 gene expression at these same ages (Fig. 3(C) ).
These hair cell increases did not appear to be due to cell proliferation. Culturing for 5 DIV with + hair cells in explants from P7 and P30 mice after 5 DIV with 30 μm DAPT or DMSO. Scale bars 100 μm. Arrows point to regions of increased hair cell density. B At each age examined, the total number of Gfi1 + hair cells was significantly increased in DAPTtreated cristae versus DMSO controls ( Table 1 ). Note that the scale on the y-axis begins at 600. Error bars depict SEM. One-tailed unpaired Student's t test where *p≤0.025 and **p≤0.0125. C The difference in hair cell number between treated and control cristae was similar at all ages. Error bars depict SE.
continuous 5 μM EdU did not result in EdU uptake by Gfi1 + hair cells in either DAPT-or DMSO-treated cristae, despite numerous EdU + cells in the surrounding nonsensory tissue (Fig. 5(B) ). In addition, the majority of support cells appeared to be negative for EdU labeling based on their position in the sensory epithelium and nuclear morphology. It is still possible, however, that there was a low level of support cell proliferation, as we did not label the support cells to test for this. The data shown in Fig. 5(B) is an example of a P30 explant, though we found the same results at P7 and P14 as well. Overall, this suggests that any newly generated hair cells did not arise through proliferation, but through direct transdifferentiation.
New Hair Cells Arise Through Transdifferentiation of Support Cells
In order to directly demonstrate that the hair cell increases we observed were due to support cell transdifferentiation and not from hair cell survival or repair, we used a lineage tracing strategy to label support cells prior to DAPT treatment (Fig. 6(A) ). For these experiments, we used animals that had reached sexual maturity (8-10 weeks) as we felt that they better represented mature adults. Our analysis of Hes5 gene expression, both with age and with DAPT treatment, suggested that Notch signaling was still active at this age (Fig. 3(C,D) ). Further, the 8-to 10-week-old control cristae cultured for 7 DIV from this experiment had a similar number of Gfi1 + hair cells (836.2±41.52, n=5) as our cultured P30+5 DIV explants (Fig. 2(D) ; 843.5± 17.2, n=10). This suggests that even though the adult explants do not survive as well in culture as younger explants, their survivability does not continue to decline with age, but stabilizes between at least P30 and P56-70. To label support cells, we used PLP/CreER mice expressing an inducible Cre recombinase under the PLP promoter crossed to mTmG reporter mice that express mTomato prior to recombination and mGFP after Cre-mediated recombination (Doerflinger et al. 2003; Muzumdar et al. 2007; Gomez-Casati et al. 2010) . Upon tamoxifen treatment, the support cells and Schwann cells that express the PLP transgene expressed GFP in a dose-dependent manner (Fig. 6(B,C,D) ). By replacing the media with fresh 5 μM 4-OHT each day of the 2-day recombination period, it was possible to recombine almost all of the peripheral support cells (Fig. 6(D) ). However, with this recombination efficiency, it was impossible to distinguish between a hair cell expressing mGFP and an unlabeled hair cell surrounded by support cells expressing mGFP. Using a single treatment of 5 μM 4-OHT with no media change during the 2 days of recombination, we had a lower recombination efficiency overall (Fig. 6(E,E′) , with and without Gfi1). With this recombination efficiency, the morphology and layering of individual cells when viewed in single z planes was clearly visible (Fig. 6(F,F′,F″) , arrows indicate regions of support cell recombination, asterisk indicates a region of Schwann cell recombination). To verify that the Cre recombinase was not expressed in hair cells, cristae were explanted from 8-to 10-week-old PLP/CreER;mTmG mice and treated with 5 μM 4-OHT for 2 DIV to induce recombination. Recombination control cristae were fixed directly after these 2 days and analyzed. Out of nine recombination control cristae, no hair cell recombination was observed despite significant support cell recombination comparable to the number of GFP + cells in the sensory epithelium quantified in Figure 7 (B).
To determine whether the additional hair cells we observed with DAPT treatment were derived from support cells, we explanted cristae from 8-to 10-weekold PLP/CreER;mTmG mice and treated them with 5 μM 4-OHT for 2 DIV to induce recombination as described above. After 2 DIV, the media was replaced with either 30 μM DAPT or DMSO as a vehicle control for an additional 5 DIV (Fig. 7(A) ). Both treated and control cristae had similar rates of recombination (Fig. 7(B) ). In the DMSO-treated controls there were 225.6±27.3 (n=18) recombined mGFP + cells in the sensory epithelium compared to 183.8±22.0 (n=29) mGFP + cells in the DAPT-treated cristae (t=1.155, df= 45, p=0.25). Further, in the DAPT-treated cristae, we found many examples of GFP + cells in the sensory epithelium expressing Gfi1, which we will refer to as transitioning cells (TC). Overall, there were significantly more TCs in DAPT-treated cristae compared to controls (Fig. 7(C) ; t=4.286, df=43, p=0.00010). In addition, the number of TCs found in an explant correlated with the degree of Cre-mediated recombination in support cells (Fig. 7(D) ; r 2 =0.6520, n=25, p= 0.00041). Most DAPT-treated cristae had at least one TC, and in one case there were as many as nine. By contrast, we found only a single TC in all of the DMSO control explants (Fig. 7(D) ), which may be a result of spontaneous regeneration as there were no TCs in the 2-day recombination controls. support cell layer (green) was disrupted near the eminentia cruciatum as compared to DMSO-treated controls where the Sox9 layer was continuous (arrows point to regions of increased hair cell density and decreased support cell density). This can also be seen in z projections through the sensory epithelium (at the white lines) where in controls the green support cell layer was continuous beneath the red hair cells, but in DAPT-treated cristae it was disrupted. This obvious disruption is not seen in adult explants. Scale bars 100 μm. B In P30 explants cultured for 5 DIV, hair cells did not take up EdU, despite the presence of EdU throughout the entire culture period. Cristae are shown in single slice views with labeling for Gfi1 (red) and EdU (green). z slice projections are shown to the right of the image indicating the location of the slice relative to the sensory epithelium in the z dimension. In both conditions, while many cells beneath the sensory epithelium were positive for EdU, no Gfi1 + hair cells had EdU labeling, as indicated by the lack of yellow cells.
The TCs derived from support cells showed a range of morphologies. Most of the TCs were similar to the representative example shown in Figure 8(A,B,C) . These cells were found in the hair cell layer and had an immature hair cell morphology including a large, rounded nucleus and longer apical projections than the surrounding GFP + support cells (arrowhead, Fig. 8(A,B,C) ). There were several instances, however, where we observed more intermediate morphologies between that of a support cell and a hair cell. For example, one such cell had an elongated body typical of a support cell but appeared to be lifting off of the basement membrane and in the process of translocating to the hair cell layer (Fig. 8(D,E,F) ; Supplemental Movie 2 in the ESM). The apical projection of this cell was thinner than the other labeled support cells and it had intense apical mGFP labeling with an appearance unlike other hair cells or support cells (arrowhead in Fig. 8(D,E) ). In addition, there were TCs located in the hair cell layer with hair cell morphologies that maintained contact with the basement membrane through thin, foot-like projections (arrowhead, Fig. 8(G,H,I ); Supplemental Movie 3 in the ESM). In one instance, we also observed a TC that appeared to have a more mature morphology that was more characteristic of a 'normal' hair cell. This TC was in the hair cell layer with a hair cell appearance, including a large rounded nucleus and a thin apical neck. In addition to having what appears to be a stereocilia bundle like the majority of the TCs, this cell also had a clear kinocilium extending from its apical surface (arrowheads, Fig. 8(J,K,L) ; Supplemental Movie 4 in the ESM). This was the most maturelooking cell that we observed.
Overall, these data suggest that Notch signaling may play a role in maintaining the support cell phenotype in a subset of support cells in the mature cristae. Upon DAPT-treatment, these support cells can transdifferentiate into hair cells that express the hair cell marker Gfi1, translocate to the hair cell layer, SLOWIK AND BERMINGHAM-MCDONOGH: Adult Vestibular Regenerationand take on a hair cell morphology, which in one case included a long kinocilium.
DISCUSSION
Our results demonstrate that Notch signaling is active in the mature mammalian cristae and may be important for maintaining the support cell fate in a subset of support cells. Culturing postnatal and adult cristae from Hes5-GFP reporter mice with the γ-secretase inhibitor, DAPT, decreased the expression of the Notch effectors Hes5 and Hes1. Hes5, as reported by Hes5-GFP, was downregulated specifically in peripheral support cells. DAPT treatment resulted in an increase in the total number of Gfi1 + hair cells at a similar rate in both the mature and postnatal cristae. New hair cells arose without proliferation, as no hair cells incorporated EdU when it was present throughout the entire culture period. Instead, lineage tracing in adult cristae showed hair cells arose through transdifferentiation of PLP-expressing support cells. These transdifferentiated cells expressed the hair cell marker Gfi1 and were capable of displaying hair cell morphologies, migrating to the correct cell layer, and assembling a stereocilia bundle with a kinocilium.
Previous work in the mature chinchilla cristae provided evidence for spontaneous hair cell regeneration after damage (Tanyeri et al. 1995; Lopez et al. 1997 Lopez et al. , 1998 Lopez et al. , 2003 . These studies found a partial recovery in hair cell number and innervation over time without a concomitant decrease in support cells. While this was suggestive of proliferative regeneration, the limitations of the chinchilla system prevented further analysis. Here, in addition to providing further evidence for hair cell regeneration in the mature mammalian cristae, we show that hair cells arise through transdifferentiation of support cells using lineage tracing with PLP/ CreER;mTmG mice. Though we cannot account for hair cell survival or repair, the use of these mice shows that at least some of our hair cell increases are due to support cell transdifferentiation. Further, though we attribute these increases to Notch inhibition, other pathways could be involved as DAPT inhibits all γ-secretase-processed proteins.
In similar experiments performed by Collado et al. (2011) in the cultured mouse utricle, the ability to generate hair cells with DAPT was lost within the second postnatal week. Other utricle studies suggested that hair cell damage is required for Notchmediated regeneration in the adult (Wang et al. 2010; Lin et al. 2011; Jung et al. 2013) , consistent with what has been shown in the zebrafish lateral line and the The DMSO controls showed no significant correlation (r 2 =0.1873, n=16, p=0.49). Pearson's correlation where *** denotes p≤0.001. chick basilar papilla (Ma et al. 2008; Daudet et al. 2009 ). Due to the damage in our adult cultures, we cannot preclude the possibility that damage is necessary for DAPT-induced hair cell generation. It is also possible that further damage could stimulate additional regeneration.
In our lineage tracing experiments using the PLP/ CreER;mTmG mice, we observed several interesting morphological changes in our transdifferentiating cells. These changes were similar to those noted in the initial reports on transdifferentiation in the mature regenerating organs of bullfrogs (Baird et al. 1996; However, these cells also had enlarged, basally located nuclei and immature stereocilia bundles, suggesting that they were becoming hair cells. In our data, most of the cells appeared to be in later stages of transdifferentiation. Most of our cells had typical hair cell morphologies, were located in the hair cell layer, and appeared to have longer apical processes. However, we observed two types of cells that appeared to be in earlier stages almost identical to those previously reported. The first cell was located near the planum semilunatum and had a transitional morphology between a hair cell and a support cell. Further, this cell was separated from the basement membrane, appearing to be translocating its nucleus to the hair cell layer. This is similar to other studies in the chick basilar papilla where it appeared that detachment from the basement membrane occurred early, prior to or during translocation of the nucleus (Raphael et al. 1994; Adler et al. 1997 ). The second cell, located near the eminentia cruciatum, had a characteristic hair cell morphology and layering, but maintained contact with the basement membrane through a thin foot-like projection. This is similar to the study by Li and Forge (1997) in the guinea pig utricle where it appeared that transitioning cells maintained contact with the basement membrane until later stages of transdifferentiation. These basal projections are also seen in other cases where hair cells are generated through overexpression of cyclin D1 or Atoh1 (Loponen et al. 2011; Lewis et al. 2012 ). Though we did not have the same subcellular resolution as the thin sections used in most of these previous experiments, the membrane-bound GFP allowed us to observe nearly identical intermediate morphologies in whole mount explants. Whether these different morphological changes represent distinct mechanisms, it is interesting that support cell transdifferentiation may proceed through similar intermediate morphologies in the chick basilar papilla, the guinea pig utricle, and the mouse cristae. While the morphological changes occurring during transdifferentiation may be similar between species, the regenerative ability of mammals, whether spontaneous or through manipulations such as Notch inhibition, is much lower than all other vertebrates studied (reviewed in Warchol 2011). This suggests that only a subset of support cells remain competent to form hair cells in the mature mammalian vestibular system. The role for additional factors, such as other signaling pathways or further regulation downstream of Notch signaling is apparent in our data, since only a fraction of the peripheral support cells that express Hes5 and downregulate it in response to Notch inhibition undergo transdifferentiation. However, determining the identity of these factors and why they only affect certain support cells ultimately requires a better understanding of vestibular support cells and their markers. Here, we show that some of the support cells capable of transdifferentiating express the PLP transgene, as was also shown in the postnatal utricle (Collado et al. 2011 ). In addition, in P7 explants we find that the support cells near the eminentia cruciatum are the most responsive to Notch inhibition. Though there is no obvious difference in Hes5 expression or downregulation in this region, more hair cells were generated here with a concomitant loss in support cells following Notch inhibition. While this regionalization is not apparent in the adult explants, this increase in hair cells at P7 near the eminentia cruciatum is similar to what Lopez et al. (1997) reported in the mature chinchilla cristae. Notably, the eminentia cruciatium is the only region in the crista that expresses the zinc finger gene GATA-3 that is also found in the utricular striola (Karis et al. 2001 ). This regional GATA-3 expression could be important for hair cell regeneration through downstream signaling targets such as Wnt (Alvarado et al. 2009 ). In our experiments using mature PLP/CreER;mTmG mice, we found lineage-traced hair cells throughout the peripheral zone of the cristae, both near the eminentia cruciatum and the planum semilunatum. Therefore, while the PLP transgene limited our analysis to the peripheral zone, within this region there was not a particular area of regenerative competence in the adult. In the mature regenerating utricle, there does appear to be regional regeneration (Collado et al. 2011; Lin et al. 2011; Golub et al. 2012; Jung et al. 2013) . However, there is no consensus on which regions are competent for regeneration as the regionalization found varied between studies.
Overall, our data provides further evidence that the mammalian cristae, like the other vestibular sensory organs, have the capacity for hair cell regeneration. Since it is currently unknown how many new hair cells would be required to noticeably restore function in a damaged crista, the stimulation of hair cell regeneration by DAPT treatment that we have demonstrated may have some therapeutic relevance (Kopke et al. 2001) . Though very promising, the number of hair cells generated here is likely insufficient to fully repair a damaged organ, which is also true of all other mammalian vestibular regeneration to date Warchol et al. 1993; Rubel et al. 1995; Tanyeri et al. 1995; Li and Forge 1997; Lopez et al. 2003; Kawamoto et al. 2009; Lin et al. 2011; Golub et al. 2012; Jung et al. 2013) . In order to overcome these limitations on mammalian regeneration, we ultimately need a better understanding of the factors and pathways that mediate hair cell regeneration. Here, we have provided a method for culturing cristae in vitro and have demonstrated that Notch signaling is active in the mature cristae and that DAPT treatment results in hair cell generation through transdifferentiation. This work, therefore, provides the foundation for including the cristae in the future comparative regenerative research that will hopefully further our understanding of how to induce robust hair cell regeneration in mammals.
